Introduction
Characterization of breed, heterosis, and recombination effects is fundamental for efficient use of genetic resources in crossbreeding systems. These genetic effects may be expressed through direct (individual), paternal, maternal, and maternal grandam pathways. The optimal use of genetic resources and the comparative efficiency of different crossbreeding systems is determined by variation among breed effects relative to 1 2286 rowing group as a fixed effect, sire nested within farrowing group as a random effect, and weighting each observation by the number of pigs in each pen. To test feed efficiency, a second analysis of ADFI was done adding ADG as a covariate in the previous model. Included as covariates in all models were direct, maternal, and maternal grandam breed effects, direct and maternal heterosis effects, and a direct recombination effect. Recombination is the breakup of additive × additive epistatic effects present in purebreds during gamete formation by crossbred parents. Effects of direct heterosis significantly increased weights at birth, 14, 56, 70, and 154 d of age in Exp. 1. Effects of direct heterosis significantly increased ADG from birth to 14, 28 to 56, and 70 to 154 d of age in Exp. 1. In Exp. 2, effect of direct heterosis significantly increased weights and ADG at all ages. In Exp. 1, recombination significantly reduced loin muscle area. In Exp. 2, recombination significantly increased weights at birth, 14, 28, and 56 d, ADFI from 70 to 154 d, and ADFI adjusted for ADG. The correlation between maternal heterosis and recombination effects for all traits in Exp. 1 and Exp. 2 was approximately −0.90. Maternal heterosis and recombination effects were estimable, but greatly confounded. magnitudes of heterosis and recombination effects. However, few pig experiments have been designed to simultaneously estimate these genetic effects. In particular, estimates of recombination effects are scarce. Recombination loss, hereafter referred to as recombination, is the breakup of epistatic effects during meiosis to form nonparental interlocus combinations of alleles in gametes of crossbred parents (Dickerson, 1973) . Recombination as defined by Dickerson (1973) included additive × additive effects only. Kinghorn (1983) demonstrated that a model including additive × additive effects adequately described epistatic effects associated with weight and tail length at 7 wk of age in crossbred mice.
In closed populations, epistatic effects may accumulate for traits under direct selection pressure, thereby improving performance of favorably correlated traits and diminishing performance of traits with antagonis-Management. Pigs were reared by their own dams, except in a few cases (< 1%) when cross-fostering was allowed. Records collected on cross-fostered pigs before 70 d of age were excluded from analysis. Pigs were provided access to a commercial prestarter ration at 14 d of age. At 28 d of age, pigs were weaned, each litter was moved to a nursery pen, and pigs were provided ad libitum access to a corn-soybean meal diet that had a calculated ME of 3.28 Mcal/kg and a CP of 20.2%. At 56 d of age, two boars were randomly selected from each litter, and unselected males were castrated. At 63 d of age, pigs were moved from a nursery to a grower/ finishing unit, and provided ad libitum access to a cornsoybean meal diet that had a calculated ME of 3.42 Mcal/kg and a CP of 17.3%. Approximately 75% of pigs were assigned to go on test from 70 to 154 d of age. Litters were selected for testing, such that, sires and breed-types were equally represented. Two boars and up to two barrows from each litter were placed together in a finishing pen. Gilts were grouped into finishing pens by breed type with 20 gilts per pen. Littermate gilts were normally grouped together.
Data Collection. Pigs were weighed at birth, 14, 28, 56, 70, and 154 d of age. For each interval between weights, ADG was calculated. At 154 d of age, backfat was measured at first rib, last rib, and last lumbar with an A-mode ultrasonic backfat machine (Scanogram Model 722; Ithaco Inc., Ithaca, NY). Backfat measurements were averaged across locations for analysis. A preliminary analysis was done to determine appropriate adjustment factors for average ultrasonic backfat. Ultrasonic backfat was adjusted to 80 kg live weight using linear and quadratic regression coefficients appropriate for sex and breed type. Barrows were slaughtered at a live weight of approximately 100 kg, and hot carcass weight, carcass length, loin muscle area, and carcass backfat at first rib, last rib, and last lumbar vertebra were recorded. Carcass backfat measurements were averaged across locations for analysis. Feed intake was recorded on pens of boars and barrows from 70 to 154 d of age.
Statistical Analysis. Genetic expectations are given in Table 2 for each mating type of Exp. 2 considering direct, maternal, paternal, and maternal grandam breed effects; direct, maternal, and paternal heterosis effects; and direct, maternal, and paternal recombination effects. Genetic expectations of F 3 and subsequent generations were assumed equivalent. The full genetic model for Exp. 1 was identical to that of Exp. 2 with exception of the breeds included. Estimable functions are illustrated in Table 3 . Direct, maternal, and maternal grandam breed effects are reported as deviations from Yorkshire in Exp. 1 and from Duroc in Exp. 2. Direct and maternal heterosis effects are expressed as a percentage of the purebred mean. To calculate percentage heterosis, estimated effects were divided by an average of least-squares means of appropriate purebreds (Appendices 1 through 6). In appendices, progeny of reciprocal two-breed cross dams were classified separately to maintain breed identity of the maternal grandam. However, progeny of reciprocal two-breed cross sires were pooled as paternal effects were ignored.
Genetic parameters were estimated using the MTDFREML programs described by Boldman et al. (1995) . All known pedigree relationships back to grandparents of 1980-born litters were included. Data were analyzed fitting effects of estimable functions as linear covariates (Robison et al., 1981) . Multiple regression Some purebred sires were used to produce both purebred and crossbred litters. Total number of sires used in this project. This number was not equal to the total of the column. The difference was due to sires producing both purebred and crossbred litters.
was preferable to linear contrasts among mating types because multiple regression coefficients provide a simultaneous weighting of all data as it exists (Koch et al., 1985) . The full animal model included random animal genetic, maternal genetic, and common environment (litter of birth) effects. Maternal genetic and common environment effects were tested separately by comparing −2 residual log likelihoods of full and reduced (excluding the random effect of interest) models. The model which best fit the data was selected. Fixed effects of farrowing group and regression covariates were included in all models. In addition, fixed effect of sex was included when data from more than one sex were analyzed. Hot carcass weight, which averaged 76.8 kg in Exp. 1 and 76.5 kg in Exp. 2, was included as a linear regression covariate for analyzing carcass backfat, carcass length, and loin muscle area.
General form of the model was:
where y was a vector of observations for a given trait; β, u, m, c, and e are vectors of fixed, animal, maternal genetic, common environment, and residual effects, respectively; and X, Z 1 , Z 2 , and Z 3 are known design matrices. Expectations and (co)variances of random variables are:
where σ 2 a , σ 2 m , σ 2 c , and σ 2 e are additive genetic, maternal genetic, common environment, and residual variances, respectively, and σ am is the covariance between additive and maternal genetic effects. Matrices A and I represent numerator relationship and identity matrices, respectively.
Average daily feed intake was collected on a pen basis, and a weighted analysis was done using Proc Mixed in SAS (SAS Inst. Inc., Cary, NC). The model for ADFI included fixed effect of farrowing group, random effect of sire within farrowing group, and data were weighted by number of pigs in each pen. Estimable functions described previously were included as linear covariates. To test feed efficiency, a second analysis was done for ADFI adding ADG as a linear covariate in the model. In a separate analysis, cytoplasmic effects were estimated for each trait from data collected on pigs from generations F 3 , F 4 , F 5 , and F 6 (composite pigs). Given the full model previously described, composite pigs have identical genetic expectations with exception of their source of cytoplasm (Table 2 ). In Exp. 1, composite pigs had either Landrace or Large White cytoplasm. In Exp. 2, composite pigs had either Duroc, Hampshire, Pietrain, or Spot cytoplasm. In Exp. 2, source of cytoplasm was not a significant source of variation for growth, ADG, or carcass traits. In Exp. 1, pigs with Large White cytoplasm were 0.3 kg heavier at birth (P < 0.01) and had 2.34 mm 2 greater loin muscle area (P < 0.01) than pigs with Landrace cytoplasm. Little evidence existed for additional significant cytoplasmic effects on growth and carcass traits, and these effects were not considered further.
Results
The set of estimable functions defined in Table 3 is not unique. To obtain solutions, 10 genetic effects were deleted from the design matrix of the full genetic model: direct, maternal, and maternal grandam breed effects of Duroc, paternal breed effects of Duroc, Hampshire, Pietrain, and Spot, paternal heterosis effects, maternal recombination effects, and paternal recombination effects. Estimable functions of direct, maternal, and maternal grandam breed effects of Hampshire, Pietrain, and Spot are therefore effects of these breeds relative to Duroc. It seemed reasonable to delete equations for paternal effects (breed, heterosis, and recombination) as well as the maternal recombination effect. If these effects do indeed exist, expectations of solutions are given in Table 3 to facilitate interpretation of results. The same method was used to obtain solutions for data collected in Exp. 1, with deletion of equations for Yorkshire effects.
Number of observations, means, (co)variance components, and estimates of genetic parameters are in Table  4 for Exp. 1 and Table 5 for Exp. 2. Direct heritability for weight increased from birth to 154 d of age in Exp. 1 (0.06 to 0.32) and Exp. 2 (0.02 to 0.25). Direct heritability for ADG increased with age from 0.09 to 0.37 in Exp. 1 and 0.08 to 0.26 in Exp. 2. Stewart and Schinckel (1991) littermate boars and barrows were penned together. Including an effect due to common environment significantly improved model fit for all growth traits. Effect of common environment increased to weaning and declined thereafter. At young ages, direct heritability for growth was low relative to maternal heritability. This are estimable functions for direct, maternal, and maternal grandam breed effects. Subscript i represents a breed associated with the effect. L = Landrace, W = Large White, and C = Chester White. Direct, maternal, and maternal grandam breed effects for L, W, and C were estimated as deviations from Yorkshire breed effects. F-values are from a 3 degree of freedom F-test for direct, maternal, and maternal grandam breed effects. h I′ and h M′ are estimable functions for direct and maternal heterosis effects. r I′ is an estimable function for the direct recombination effect.
†P < 0.10, *P < 0.05, **P < 0.01, ***P < 0.001.
result is expected as pig growth at young ages is known to be influenced by litter size and milk production which are traits of the dam. Following weaning, direct heritability increased and maternal heritability declined as the genetic potential of the pig became relatively more important due to separation from its dam.
at USDA Natl Agricultural Library are estimable functions for direct, maternal, and maternal grandam breed effects. Subscript i represents a breed associated with the effect. H = Hampshire, P = Pietrain, and S = Spot. Direct, maternal, and maternal grandam breed effects for H, P, and S were estimated as deviations from Duroc breed effects. F-values are from a 3 degree of freedom F-test for direct, maternal, and maternal grandam breed effects. h I′ and h M′ are estimable functions for direct and maternal heterosis effects. r I′ is an estimable function for the direct recombination effect.
†P < 0.10, *P < 0.05, **P < 0.01, ***P < 0.001. are estimable functions for direct, maternal, and maternal grandam breed effects. Subscript i represents a breed associated with the effect. H = Hampshire, P = Pietrain, and S = Spot. Direct, maternal, and maternal grandam breed effects for H, P, and S were estimated as deviations from Duroc breed effects. F-values are from a 3 degree of freedom F-test for direct, maternal, and maternal grandam breed effects. h I′ and h M′ are estimable functions for direct and maternal heterosis effects. r I′ is an estimable function for the direct recombination effect.
Direct heritability estimates for ultrasonic backfat were 0.44 in Exp. 1 and 0.54 in Exp. 2. Stewart and Schinckel (1991) reviewed a number of studies and reported a weighted average of 0.41 for heritability of backfat. This value was reasonably consistent with estimates of ultrasonic backfat heritability in Exp. 1 and Exp. 2. Estimates of maternal and common environment effects were small relative to direct heritability for ultrasonic backfat. Heritability estimates of carcass length were similar in Exp. 1 and Exp. 2 and slightly greater than an estimate of 0.56 reported by Stewart and Schinckel (1991) . Heritability estimates of average carcass backfat and loin muscle area in the present study were greater than those reported by Stewart and Schinckel (1991) for 10th rib carcass backfat (0.52) and loin muscle area (0.47).
Estimates and standard errors of estimable functions for each trait in each experiment are in Tables 6  through 12 . The last rows in Tables 6 through 12 illustrate the net effect of maternal heterosis and recombination. Estimates of maternal heterosis and recombination were generally of opposite sign. Coefficients of maternal heterosis and direct recombination (Table 2) were highly confounded. Thus, it was difficult to obtain precise estimates of their separate effects. However, summing estimates of maternal heterosis and recombination effects was a good approximation of their net effect. Due to a relatively large negative covariance, standard errors of net effects were lower than standard errors of maternal heterosis and recombination individually.
Direct breed effects on weight did not differ significantly at any age in Exp. 1 ( (Tables  11 and 12 ). In Exp. 1, maternal breed effects differed for ultrasonic backfat, carcass backfat, and loin muscle area. Likewise, maternal breed effects differed significantly for ultrasonic backfat and loin muscle area and tended to differ for carcass backfat in Exp. 2. With exception of loin muscle area in Exp. 1, maternal grandam breed, direct heterosis, maternal heterosis, and recombination effects did not significantly affect carcass traits in either experiment. In Exp. 1, maternal heterosis increased and recombination decreased loin muscle area. Considering maternal heterosis and recombination jointly, loin muscle area was significantly reduced.
Discussion
The goal of these experiments was to determine if composite populations were an efficient method of utilizing heterosis and breed resources. Due to reproductive rates of pigs, terminal crossbreeding systems have become standard for pig production. However, the current study provides an opportunity to evaluate importance of nonadditive effects. If recombination effects are significant, then predictions of crossbreeding performance, which do not consider recombination effects, may be biased. When these experiments were initiated, no published estimates of recombination effects in pigs existed. These experiments were designed based on the model described by Dickerson (1973) . Dickerson (1973) stated that recombination effects were due to a breakup of epistatic effects during gamete production in crossbred parents. Thus, progeny from a cross of purebred parents of unrelated breeds express 100% of available heterosis, and epistatic effects are maintained. When a crossbred animal reproduces, epistatic effects are broken up due to recombination during gamete formation. If one or both parents are crossbred and parents are of unlike breeds, progeny would again express 100% of available heterosis. However, epistatic effects which existed in purebred animals have now been partially broken up. Dickerson's (1973) model assumes no linkage. Breakup of epistatic effects may be slowed by linkage.
Epistatic effects are often assumed to be favorable and recombination effects unfavorable. When referring to a trait undergoing selection, recombination would be expected to result in diminished performance. Favorable combinations of genes with epistatic effects develop because they enhance performance for a trait which is subjected to natural or applied selection pressure. However, other economically important traits may be genetically and antagonistically correlated with the selected trait. In this case, combinations of genes develop with epistatic effects which enhance performance for the selected trait and diminish performance of negatively correlated traits. Thus, epistatic effects that are favorable for one trait, but unfavorable for another may accumulate in purebreds. For this reason, recombination effects may be positive or negative. In the present study, recombination effects that decreased loin muscle area in Exp. 1 and increased growth, ADFI, and kilograms of feed per kilograms of gain in Exp. 2 were identified.
Expectations of the 12 estimable functions are in Table 2. It was also important to consider relationships among estimable functions. Functions may be estimable and yet, still be highly confounded. Cunningham and Connolly (1989) described an approach for designing crossbreeding experiments and discussed correlations among estimates of additive, maternal, heterotic, and epistatic effects. Sampling correlations among estimable functions for weight at 70 d of age in Exp. 2 are shown in are estimable functions for direct, maternal, and maternal grandam breed effects. Subscript i represents a breed associated with the effect. L = Landrace, W = Large White, C = Chester White, H = Hampshire, P = Pietrain, and S = Spot. Direct, maternal, and maternal grandam breed effects were estimated as deviations from the effect of Yorkshire in Experiment 1 and Duroc in Experiment 2. Fvalues are from a 3 degree of freedom F-test for direct, maternal, and maternal grandam breed effects. h I′ and h M′ are estimable functions for direct and maternal heterosis effects. r I′ is an estimable function for the direct recombination effect. †P < 0.10, *P < 0.05, **P < 0.01, ***P < 0.001. are estimable functions for direct, maternal, and maternal grandam breed effects. Subscript i represents a breed associated with the effect. L = Landrace, W = Large White, and C = Chester White. Direct, maternal, and maternal grandam breed effects for L, W, and C were estimated as deviations from Yorkshire breed effects. F-values are from a 3 degree of freedom F-test for direct, maternal, and maternal grandam breed effects. h I′ and h M′ are estimable functions for direct and maternal heterosis effects. r I′ is an estimable function for the direct recombination effect.
*P < 0.05, **P < 0.01, ***P < 0. are estimable functions for direct, maternal, and maternal grandam breed effects. Subscript i represents a breed associated with the effect. H = Hampshire, P = Pietrain, and S = Spot. Direct, maternal, and maternal grandam breed effects for H, P, and S were estimated as deviations from Duroc breed effects. F-values are from a 3 degree of freedom F-test for direct, maternal, and maternal grandam breed effects. h I′ and h M′ are estimable functions for direct and maternal heterosis effects. r I′ is an estimable function for the direct recombination effect.
†P < 0.10, **P < 0.01, ***P < 0.001.
in Exp. 1 were similar as were correlations in Exp. Thus, it was more difficult to separate direct and maternal effects within breeds than it was to separate the direct effect of breed i from maternal effect of breed j.
The correlation of greatest concern was between maternal heterosis and recombination, which averaged −0.90 across traits. A primary objective of this experi- erosis and recombination (Table 2) . Thus, 0.75 × (maternal heterosis effect + recombination effect) was an approximation of the net effect of maternal heterosis and recombination in a four-breed composite.
Direct breed effects on growth differed significantly more often in Exp. 2 than Exp. 1. Heterosis effects on growth, when expressed as a percentage, were greater in Exp. 2 than Exp. 1. Because of common heritage of Yorkshire, Large White, and Chester White, greater genetic divergence was expected among Duroc, Hampshire, Pietrain, and Spot than among Yorkshire, Landrace, Large White, and Chester White. Johnson (1980) summarized data from NC-103 cooperating stations estimating breed and heterosis effects. Direct breed effects differed significantly for growth and carcass traits. Direct heterosis effects were significant for growth traits and carcass backfat but not carcass length or loin muscle area. Present results were consistent with two exceptions. A significant effect of maternal heterosis on loin muscle area was detected in Exp. 1, and direct heterosis effects on carcass backfat were not detected. Baas et al. (1992) estimated heterosis and recombination effects on carcass traits of pigs. The population consisted of purebred Landrace and Hampshire pigs, reciprocal matings among purebreds, backcrosses, and F 2 and F 3 generations of inter-se matings among F 1 pigs. Baas et al. (1992) reported a decrease in carcass length due to direct recombination, an increase in carcass length due to maternal recombination, and an increase in tenth-rib carcass backfat due to direct recombination. No significant effects of recombination on carcass length or backfat were detected in the present study. A significant negative effect of recombination on loin muscle area was detected in Exp. 1 but not in Exp. 2. Baas et al. (1992) reported a negative effect of direct recombination on loin muscle area; however, the effect did not approach significance. Results of the present study may differ from those of Baas et al. (1992) for a number of reasons. The study of Baas et al. (1992) included pigs from Landrace and Hampshire breeds only. In addition, population structure differed between studies. Finally, the present study included eight breeds and more observations.
Implications
Estimates of genetic effects are useful to evaluate pig breeds and to develop efficient crossbreeding systems.
Growth and carcass traits were influenced by breed of pig and dam, but seldom by breed of maternal grandam. Crossbred pigs grew more rapidly than purebred pigs, but differences between purebred and crossbred pigs were less important for carcass traits. Growth of young pigs raised by purebred or crossbred dams often differed. Relative to progeny of purebred parents, new allelic combinations among genes exist in progeny of crossbred sires and dams. These new combinations tended to increase growth, daily feed intake, and carcass length, while decreasing backfat. Loin muscle area was reduced by new combinations in one group of breeds, but not in another group. In general, crossbred sires and dams can be used in mating systems without concern for adverse effects of new genetic combinations. New combinations tended to produce neutral or favorable effects. 1.35 ± 0.04 3.63 ± 0.12 6.59 ± 0.22 14.6 ± 0.5 22.2 ± 0.2 87.5 ± 0.5 a Y = Yorkshire, L = Landrace, W = Large White, and C = Chester White. The first letter indicates breed of sire, and the second letter indicates breed of dam. F 3 , F 4 , F 5 , and F 6 were pooled. Progeny of reciprocal two-breed dams were classified separately to account for maternal grandam breed effects, but progeny of reciprocal two-breed cross sires were pooled. SH × DP 1.24 ± 0.08 3.47 ± 0.22 5.91 ± 0.40 13.1 ± 0.8 19.4 ± 0.9 86.2 ± 1.7 PD × SH 1.18 ± 0.09 3.56 ± 0.23 6.35 ± 0.42 13.5 ± 0.8 19.3 ± 1.0 85.0 ± 1.9 PD × HS 1.12 ± 0.09 3.22 ± 0.22 5.75 ± 0.41 12.9 ± 0.8 19.4 ± 1.0 85.8 ± 1.7 PH × SD 1.37 ± 0.10 3.55 ± 0.27 6.82 ± 0.49 13.8 ± 1.0 19.8 ± 1.2 85.0 ± 2.6 PH × DS 1.25 ± 0.09 3.53 ± 0.25 6.58 ± 0.47 13.7 ± 0.9 20.4 ± 1.2 87.2 ± 2.5 SD × PH 1.21 ± 0.10 3.80 ± 0.26 6.96 ± 0.48 13.5 ± 1.0 20.8 ± 1.2 87.2 ± 2.6 SD × HP 1.15 ± 0.09 3.57 ± 0.25 6.36 ± 0.47 13.5 ± 0.9 20.1 ± 1.1 88.0 ± 2.4 HD × SP 1.38 ± 0.10 4.30 ± 0.27 7.60 ± 0.50 15.6 ± 1.0 22.8 ± 1.2 89.0 ± 2.7 HD × PS 1.41 ± 0.09 4.11 ± 0.25 6.87 ± 0.47 14.3 ± 0.9 20.7 ± 1.1 88.6 ± 2.3 SP × DH 1.12 ± 0.09 3.42 ± 0.26 6.09 ± 0.47 13.7 ± 0.9 19.6 ± 1.2 86.2 ± 2.6 SP × HD 1.12 ± 0.10 3.55 ± 0.26 6.25 ± 0.48 14.4 ± 0.9 21.7 ± 1.2 86.0 ± 2.4 F 2 b 1.12 ± 0.09 3.07 ± 0.25 5.38 ± 0.46 11.4 ± 0.9 18.2 ± 1.1 81.6 ± 2.1 F 2 c 1.17 ± 0.09 3.39 ± 0.23 6.04 ± 0.43 12.8 ± 0.9 18.9 ± 1.0 85.0 ± 1.8 F 3
Literature Cited
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